Undercooked and raw meat has been linked to outbreaks of hemorrhagic diarrhea due to the presence of Escherichia coli 0157:H7; therefore, treatment with ionizing radiation was investigated as a potential method for the elimination of this organism. Response-surface methods were used to study the effects of irradiation dose (0 to 2.0 kGy), temperature (-20 to +20°C), and atmosphere (air and vacuum) on E. coli 0157:H7 in mechanically deboned chicken meat. Differences in irradiation dose and temperature significantly affected the results. Ninety percent of the viable E. coli in chicken meat was eliminated by doses of 0.27 kGy at +5C and 0.42 kGy at -5°C. Small, but significant, differences in radiation resistance by E. coli were found when finely ground lean beef rather than chicken was the substrate. Unlike nonirradiated samples, no measurable verotoxin was found in finely ground lean beef which had been inoculated with 104.8 CFU of E. coli 0157:H7 per g, irradiated at a minimum dose of 1.5 kGy, and temperature abused at 35°C for 20 h. Irradiation is an effective method to control this food-borne pathogen.
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Escherichia coli 0157:H7 is a rapidly emerging food-borne pathogen that can produce a clinical illness characterized by an acute grossly bloody diarrhea that is accompanied by severe, crampy abdominal pain (2, 13, 24) . A few patients go on to develop hemolytic uremic syndrome or thrombotic thrombocytopenic purpura (2, 13) . This pathogen has been associated primarily with undercooked and raw beef, lamb, pork, or poultry (2, 5, 13, 17) . The recent approval of ionizing radiation treatments of poultry to eliminate foodborne pathogens (1, 3) makes it appropriate to determine the effect that irradiation treatments would have on this pathogen in poultry. The regulation for irradiation of poultry products from the USDA Food Safety and Inspection Service requires minimum and maximum doses of 1.5 and 3.0 kGy (1 kGy = 100 kilorads), respectively (3). Though beef is not included under the current regulation, it seemed prudent to include it in the study, since several of the outbreaks of the disease have been specifically linked to beef (2, 13) and raw beef is consumed as steak tartare. No previous studies of the effects of ionizing radiation on E. coli 0157:H7 were found in the literature. The aims of this study were to determine the sensitivity of E. coli 0157:H7 suspended in beef or mechanically deboned chicken meat (MDCM) to gamma radiation and also to determine the influence of processing parameters such as atmosphere or temperature on that sensitivity.
( Sterile ground beef inoculated with stationary-phase E. coli 0157:H7 received radiation doses of 0 to 1.75 kGy in increments of 0.25 kGy at an irradiation temperature of 0°C. The inoculated meat was packaged in vacuo. The analysis was repeated three times.
Sterile MDCM inoculated with mid-log-phase E. coli 0157:H7 received radiation doses of 0 to 1.05 kGy in increments of 0.15 kGy at an irradiation temperature of 0°C. The analysis was repeated four times.
Effect of temperature during irradiation treatment. A modified central composite response-surface design (6) was used to determine the effect of irradiation processing temperatures from -20 to +20°C on the survival of stationary-phase E. coli 0157:H7 in vacuum-packaged sterile ground beef. The inoculation and packaging procedures were identical to those used to determine D1o values. Two replicate samples were analyzed for each of the following combinations of irradiation temperature and dose: -20°C, 0 kGy; -20°C, 1.0 kGy; -20°C, 2.0 kGy; -10°C, 0.5 kGy; -10°C, 1.5 kGy; 0WC, 0 kGy; 0WC, 2.0 kGy; +10°C, 0.5 kGy; +10°C, 1.5 kGy; +20°C, 0 kGy; +20°C, 1.0 kGy; and +20°C, 2.0 kGy. Five replicate samples treated at 0°C with 1.0 kGy were analyzed.
The effect of a 1.5-kGy radiation dose on the survival of E. coli 0157:H7 in vacuum-packaged sterile ground beef was determined at intervals of 5°C from +20 to -20°C and at 10°C intervals from -20 to -60°C. Two independent studies were completed, and duplicate samples were irradiated in each of the studies.
Sterile Radiation D1o values were determined by least-squares analysis of the survival data, excluding the 0-kGy data to avoid possible shoulder effect and limiting the analysis to the linear portion of the curve, by using the REG procedure of the SAS statistical package (8, 16) . Regression techniques were used to fit second-order response-surface models (6), and calculations were performed by the general linear models procedure of the SAS statistical package (8) . The regressions were tested for differences by analysis of covariance.
RESULTS
Radiation D1o values at 0°C. The computed gamma radiation D1o values for stationary-phase E. coli 0157:H7 irradiated aerobically and in vacuo at 0°C in MDCM were not significantly different, so the raw data ( Fig. 1) were combined and a single value was computed (Table 1) coli (P < 0.0001) ( Fig. 1; Table 1 ). The gamma radiation D1o value for stationary-phase E. coli 0157:H7 irradiated in vacuo at 0°C in finely ground lean beef differs from that obtained in MDCM (P < 0.03) ( Table 1) .
Effect of temperature during irradiation treatment. Response-surface methods revealed highly significant effects of variation in irradiation dose (P < 0.0001), irradiation temperature (P < 0.0001), and the interaction of radiation dose with irradiation temperature (P < 0.0002) on E. coli 0157:H7 in MDCM. The (20, 23) , E. coli 0157:H7 was unusually sensitive to temperature during irradiation. Because this factor might be significant during food processing, additional studies were conducted to further define this response.
Since irradiation at 20°C to a dose of 1.5 kGy produced a 6.76-log reduction in the number of viable CFU, it was decided to expose E. coli 0157:H7 to that dose over a wide range of closely controlled temperatures (Fig. 2) . Both studies indicated that there was a large increase in the radiation resistance of E. coli 0157:H7 between 0°C (nonfrozen) and -5°C in ground beef. Resistance to gamma radiation continued to increase to approximately -15°C; below that temperature there were only small increases in resistance down to -60°C (Fig. 2) .
Because normal processing temperatures for the irradiation of meat should be close to 5°C, the D1o values at +5 and -5°C were determined (Fig. 3) . The respective D1o values at +5 and -5°C were significantly different (P < 0.0001) ( Table  1) . Challenge and temperature abuse study. An average inoculum of 104.8 CFU of E. coli 0157:H7 per g of commercial ground beef was reduced to less than 10 CFU/g in nontemperature-abused samples by a radiation dose of 0.75 kGy. No survivors (<10 CFU/g) were found in samples exposed to 1.5, 2.25, or 3.0 kGy of gamma radiation. In one of three replicate experiments, 10 7 CFU/g was found in We found no evidence for an effect of air versus vacuum packaging of the inoculated meat samples, as has been reported for Salmonella species (20, 23) . Similarly, Staphylococcus aureus recently was reported as insensitive to air when irradiated on meat (22) , and an oxygen effect was not detected when Salmonella typhimunum was irradiated on nonsterile chicken meat (21) . The sensitizing effect of oxygen on E. coli cells irradiated in buffer solutions is well documented (7, 9, 15, 18 MDCM and finely ground lean beef were identical. The relatively large differences in the fat and protein contents of these two meat products apparently did not significantly alter the toxicity of the gamma radiation for E. coli 0157:H7. Patterson (14) reported D1o values of 0.27 and 0.26 kGy for
